Abstract. Plasma blobs, localized plasma density enhancements that occur singularly or in periodic groups, have been observed by in situ sensors in the lower-and middle-latitude nighttime ionosphere. Traditionally, creation of blobs has been thought to be connected to equatorial plasma bubbles, which are localized plasma depletions. Here, we report the association of blobs with medium-scale traveling ionospheric disturbances (MSTIDs). On 17 January 2010, an allsky imager on the Caribbean island of Bonaire (geographic: 12.190 • N, 68.244 • W; geomagnetic 22.46 • N, 7.099 • E) observed a nighttime electrified MSTID propagating to the southwest. At the time of the MSTID's transit, the Coupled Ion-Neutral Dynamics Investigation instrument onboard the Communication/Navigation Outage Forecasting System satellite detected a group of blobs along the same geomagnetic flux tubes. The electron density variations measured at the satellite altitude, indicating the blobs, are anticorrelated with the intensity variations of the 630.0 nm dissociative recombination emission measured on the same magnetic field lines. This relationship is explained by a modulation of the O + profile altitude due to electric fields generated within the MSTID. This idea is supported by in situ measurements of the vertical ion velocity. We argue that common climatology between blobs and MSTIDs reported in the literature, as well as this coincident observation, suggest that blobs may be the in situ signature of MSTIDs in the topside ionosphere.
Introduction
A number of reports of "plasma blobs", localized plasma density enhancements, observed by in situ plasma density probes have appeared in the literature (e.g., Oya et al., 1986; Le et al., 2003; Park et al., 2003 Park et al., , 2008 Klenzing et al., 2011b) . Only a few studies have investigated other data sets in conjunction with the in situ plasma diagnostics. For example, Yokoyama et al. (2007) presented coincident observations of blobs and coherent very high frequency radar backscatter. Pimenta et al. (2007) presented plasma blobs associated with equatorial plasma depletions during a geomagnetic storm using ground-based airglow imaging and in situ plasma observations from the Defense Meteorological Satellite Program (DMSP). Likewise, Krall et al. (2010) demonstrated through modeling that the blob phenomenon could be attributed to equatorial plasma bubble activity. However, the specific plasma blob phenomenon investigated in the present report is not considered to be directly associated with equatorial plasma depletion activity (Kil et al., 2011; Choi et al., 2012) .
Blobs occur in packets or as solitons with regular spacing on the order of hundreds of kilometers and exhibit increased density of as much as 3-4 times the background density (e.g., Oya et al., 1986) . This periodicity and their proclivity for occurring at lower middle latitudes, near midnight in local time, and during solstices (e.g., Watanabe and Oya, 1986; Park et al., 2010) suggest that they might be associated with nighttime medium-scale traveling ionospheric
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disturbances (MSTIDs), which share a similar climatological distribution (Martinis et al., 2010; Makela and Miller, 2010; Duly et al., 2013) . Nighttime MSTIDs are typically observed as one or more bands of decreased (or increased) 630.0 nm airglow intensity (e.g., Mendillo et al., 1997) . They generally move westward and equatorward at phase velocities of 50-150 m s −1 (e.g., Garcia et al., 2000) . All of these features suggest that blobs and MSTIDs at least share some conditions conducive to their formation and perhaps might be different observational manifestations of the same physical process. Saito et al. (1995) identified electric field variations at conjugate middle-latitude locations in DE-2 data that Otsuka et al. (2004) later attributed to MSTIDs when demonstrating the conjugacy of MSTIDs in airglow images. Shiokawa et al. (2003) demonstrated that an MSTID observed in the airglow produced an electric field and density perturbations at the 847 km altitude of the DMSP F15 spacecraft as it crossed the same geomagnetic field lines. These observations were also consistent with electric field measurements made with the Arecibo incoherent scatter radar by Kelley et al. (2000) .
The fact that MSTIDs appear in conjugate hemispheres suggests that they are electrodynamic features that evolve on temporal and spatial scales that are sufficiently large to consider the geomagnetic field lines to be equipotential. Kelley (2011) asserts that this kind of nighttime MSTID is due to a gravity wave neutral wind field that experiences minimum Joule damping by the cancellation of the dynamo U × B current with a polarization electric field and associated E × B drift. Furthermore, the combination of equipotential geomagnetic field lines and internal E fields means that the E × B drift (and subsequent perturbation in ion density) occurs all along the geomagnetic field line even when the interaction with the neutral wind field is only occurring in one hemisphere and possibly at lower altitude.
In this paper, we leverage the conjugacy argument outlined above to present evidence that an MSTID observed with an airglow imager on the ground produces the blob or localized enhancement signature in the in situ plasma density observations along the same geomagnetic field line. Furthermore, we identify characteristics of the density enhancement that are consistent with theories of MSTID behavior. We will begin with a description of the instrumentation employed, followed by a brief outline of the data processing, a discussion of the data and their implications, and finally a conclusion.
Instrumentation
A wide-field Portable Ionospheric Camera and Small-Scale Observatory (PICASSO) was installed on the Caribbean island of Bonaire (geographic: 12.190 The Coupled Ion-Neutral Dynamics Investigation (CINDI) package aboard the Communication/Navigation Outage Forecasting System (C/NOFS) spacecraft consists of the Neutral Wind Meter (NWM) and Ion Velocity Meter (IVM). C/NOFS is in a low-inclination elliptical orbit (13 • ) orbit whose altitude varies in the range between 400 and 850 km. The data sampling cadence of the CINDI retarding potential analyzer (RPA) in the IVM is 0.5 s.
Data
On 17 January 2010, a sequence of relatively cloud-free (determined by visual inspection) images of the 630.0 nm airglow line indicated nighttime MSTID bands oriented from northwest (NW) to southeast (SE) and propagating to the southwest (SW) over Bonaire beginning around 00:38 UT (20:38 LT, 16 January 2010). In this paper, we use the term "MSTID" to collectively refer to a series of alternating light and dark bands observed to propagate coherently in the airglow with the geographic and propagation characteristics outlined previously. This time period was characterized by very quiet geomagnetic conditions (Kp ≤ 1− during all of 16 and 17 January 2010), which solidifies the argument that the observed structure is an MSTID and not the somewhat unusual storm-time observation of an equatorial plasma depletion (bubble) in retrograde (westward) drift. Cloud cover between the commencement of data collection at 00:00 UT and 01:00 UT partially obscured the appearance and progression of the MSTID structure as it drifted into view from the northwest around 00:38 UT. Because the 630.0 nm airglow emanates from a relatively thin (50 km or so) layer around 250 km altitude, images collected on the ground can be spatially warped and projected on a shell to create a twodimensional map of ionospheric structure. Figure 1 presents a series of these airglow maps showing the progression of the MSTID from NE to SW between 01:06 and 01:46 UT.
At 01:35 UT, C/NOFS passed just to the south of Bonaire at an altitude of 470 km, detecting a series of plasma blobs with the CINDI instrument. Farley (1959 Farley ( , 1960 showed that electric fields of sufficient spatial scale (larger than 10 km or so) map efficiently along the geomagnetic field in the F region. We can leverage this fact to fold the in situ and airglow observations into the same two-dimensional coordinate system for direct comparison, as done in previous cases (e.g., Miller and Makela, 2008) . The location of each in situ sample is mapped down to the airglow layer (nominally at 250 km altitude) along the geomagnetic field using the International Geomagnetic Reference Field (IGRF-11) (Finlay et al., 2010) . The ion velocities are expressed in geomagnetic coordinates. V merid and V zonal are the components perpendicular to the magnetic field line in the magnetic meridional (positive is upward) and zonal (positive is eastward) directions, respectively. The dashed curve in Fig. 2a shows the O + density around 23:51 UT on the previous C/NOFS orbit. The observations of the dashed curve were made a few degrees south from the observations of the solid curve. Only very slight structure appears in the O + density during the earlier orbit. The shaded regions approximately define the locations of the two clearest blobs identified from the CINDI ion density data full width at half maximum (FWHM). We note the fact that MSTIDs appeared beginning at 00:38 UT over Bonaire, after the earlier C/NOFS pass. Although there exists about 90 min of uncertainty on the appearance time of blobs (the observation time difference between the dashed and solid curves), detection of blobs at the time of the MSTID transit of connected field lines supports the hypothesis that MSTIDs can produce the blob density perturbation signature.
A second event was observed on 21 January 2010 at 02:45 UT. In the same manner as Fig. 2 , this event is depicted in Fig. 3 . This event is a little different from the first in that it exhibits up to 1 degree of offset between the airglow maximum and the corresponding CINDI [O + ] minimum. The airglow image used in this example is also the first collected from the night, about 40 min after C/NOFS had passed. This offset is discussed further in the following section. 
The generation of O + 2 (and, hence, the 630.0 nm emission from O( 1 D)) therefore has a joint dependence on both the O + and O 2 densities. For a constant background concentration of O 2 , this joint dependence yields an increase (brightening) in 630.0 nm emission when the O + is driven to lower altitude and a decrease (darkening) in emission when O + is driven upward.
The simultaneous increases in O + and decreases in H + observed by CINDI and illustrated in Figs. 2a and 3a are also consistent with electrodynamic uplift of the F region (Kil et al., 2011) : as the F region is driven upward, CINDI detects the O + density increase and H + density decrease because the C/NOFS spacecraft is situated on the topside of the O + profile and the bottomside of the H + profile. As the O + -rich F region peak is driven upward, the H + population is driven above the spacecraft altitude. Likewise, a decrease in O + and an increase in H + corresponds to electrodynamic lowering. The essence of this work is these in situ uplifts (lowerings) on the topside are coincident with the airglow uplifts (lowerings) along the same geomagnetic flux tubes on the bottomside.
To substantiate our claim that the spacecraft was operating at the transition height, we note that Heelis et al. (2009) reported the transition altitude as low as 450 km at night in July/August 2008. Aponte et al. (2013) confirmed this again in October 2009 using the Arecibo incoherent scatter radar (ISR), which is not far from the observations presented in this paper. Arecibo was not active in incoherent scatter mode on 17 January 2010. However, it was active on 21 January 2010 and the transition altitude of around 525 km was deduced from CINDI versus around 550-575 km from the ISR. Finally, this is also consistent with globally averaged CINDI observations reported by Klenzing et al. (2011a Klenzing et al. ( ) from 2009 Klenzing et al. ( and 2010 , which showed the transition height between 500 and 600 km in the pre-midnight local time sector.
In the case of plasma bubbles detected in the topside, the O + and H + densities are positively correlated. This phenomenon can be explained by noting that a plasma bubble is a depleted wedge that extends from the bottomside to the topside, whereas a blob is an altitude perturbation in the density profile. The anticorrelation between the O + and H + densities at the locations of blobs indicates that a moderate modulation of the F region height is the cause of these blobs Le et al., 2003) . As Fig. 2a shows, ion density irregularities are essentially absent at the same longitude on the earlier orbit. This, in addition to the coincident airglow images showing the structures drifting to the southwest, suggests that equatorial plasma bubbles (which would drift to the east) are not the source of these blobs.
In Fig. 2b , the vertical ion velocity change is shown to be well correlated with the change of the O + density; blobs appear at the locations where the upward ion velocity is enhanced. The zonal ion velocity also shows only fluctuations at the locations where blobs are detected. However, the parallel velocity component shows a minor variation. The fluctuations of the perpendicular components of the velocity at the locations of blobs indicate that creation of blobs is associated with convective electric fields generated in the MSTID at lower altitudes. Figure 4 schematically illustrates the effect of the F region height change along a geomagnetic field line on the O + and H + density and airglow intensity. Uplift of the ionosphere causes the O + increase and the H + to decrease at the altitude of C/NOFS, whereas it causes the O + decrease at the altitude where the 630.0 nm emission is produced. As a result, C/NOFS observes the O + increase and H + decrease (a blob) and the imager observes the 630.0 nm emission depletion by the reduction of the charge exchange rate between O + and O 2 (and subsequent reduction in O( 1 D) production and 630.0 nm emission). Thus the anticorrelation between the topside O + density and bottomside 630.0 nm emission is explained by modulation of the F region height. This explains the out-ofphase relationship between airglow intensity and O + density in Fig. 2a and c .
The second example, in Fig. 3 , exhibits an offset between the C/NOFS observations of density and the PI-CASSO/Bonaire airglow enhancements, which were collected about 40 min after the spacecraft passed the site. An MSTID crest (trough) with a phase speed of 100 m s −1 to the southwest will cover 2.3 degrees of longitude in 1 h. In this case, covering about 1.0 degrees in 40 min suggests a phase speed of about 65 m s −1 , which is consistent with MSTID behavior. We note here that the phase speed of an MSTID refers to the propagation of the entire structure of alternating bands, a parameter which is derived from a time offset in density (or airglow) observations. However, detrending v meri ≈ −25 m s −1 and v zonal ≈ −50 m s −1 from the in situ drifts of Fig. 3b results in a little less than 60 m s −1 , which is quite consistent with the phase velocity estimate. Likewise, from Fig. 1 we see that the MSTID structure propagates about 4 degrees in longitude in 40 min, corresponding to a westward (zonal) phase velocity component of 180 m s −1 , which is consistent with Fig. 2b , where the detrended in situ v zonal ≈ −150 m s −1 .
Although Saito et al. (1995) do not report density fluctuations accompanying electric field perturbations, they refer to observations of density perturbations coincident with electric field variations observed at the OGO 6 spacecraft in earlier work by Holtet et al. (1977) . All events examined by Holtet et al. (1977) appear to be associated with equatorial plasma depletions and related phenomena, even when they extend to 35 • invariant latitude. However, Shiokawa et al. (2003) observed density variations in DMSP F15 SSIES observations on the topside (847 km altitude) associated with MSTIDs observed in the 630.0 nm airglow at 250 km.
A further curious difference between the present examples and Klenzing et al. (2011b) is the considerably higher parallel (to the geomagnetic field) velocities reported in the latter. We suspect that there may be a large variability in these parallel drifts depending on solar-geomagnetic conditions and the precise observation geometry. A meridional E × B drift at off-equatorial latitudes can be balanced by field-aligned diffusion that drives a large parallel drift. This may explain why some MSTIDs produce large drifts but imperceptible density perturbations in spacecraft in situ observations. Klenzing et al. (2011b) also noted an offset in longitude between the maximum vertical/meridional velocity perturbations and plasma enhancement maxima. This offset is also visible in Fig. 2a and b, where it is indicated by arrowheads on the left-most blob. It is not evident on the right-hand blob. A trivial transport model (not elaborated herein although physically intuitive) suggests that if the blobs are the signature of E × B drifts, the velocity perturbation leads the density perturbation. That is, if we take the time integral of a cosinusoidal drift to obtain density, the density is sinusoidal with the cosine (drift) leading the sine (density). Because electrified nighttime MSTIDs have southwestward phase velocity, we expect to observe peak velocities to the west of the fieldmapped MSTID crests (density enhancements). This is consistent with the observations in both Fig. 2a and b and with the work of Klenzing et al. (2011b) .
Conclusions
In this paper, we have examined coincident observations from an airglow imager in the Caribbean and the CINDI in situ plasma density and velocity instrument on the C/NOFS spacecraft. MSTIDs were observed in the bottomside 630.0 nm airglow at the same time and geomagnetically mapped location as plasma density enhancements (plasma blobs) were observed in situ on the topside with CINDI. This suggests that local (off-equator) layer height changes due to a passing MSTID are related to density perturbations at the spacecraft. The drift and density perturbation characteristics of these blobs are consistent with a structure driven by the MSTID.
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